Abstract. Human epidermal growth factor receptor 1 or 2 (HER1/2), and fibroblast growth factor receptor 1 (FGFR1) signaling serve critical roles in the progression of breast cancer; however, cross-talk between HER1/2 and FGFR1 signaling has not been extensively studied. In the present study, the copy number variation status of FGFR1 and HER1/2, and the clinical implications and prognostic relevance of this, were evaluated in invasive ductal breast cancer (IDC) tissue samples. Quantitative polymerase chain reaction and fluorescence in situ hybridization were used to assess gene copy number variation in IDC samples, and the clinical characteristics and survival curves of patients with IDC were analyzed. The amplification of FGFR1 was identified in 16.0% of the samples (12 of 75), of HER1 in 26.7% (20 of 75), of HER2 in 37.3% (28 of 75), and of FGFR1 and HER1/2 simultaneously in 8.0% (6 of 75). FGFR1 and HER1/2 co-amplification were significantly correlated with distant metastasis (P= 0.035), recurrence (P=0.026) and decreased disease-free survival time (P=0.042). This was the case for patients undergoing endocrine therapy (P=0.002) and chemotherapy (P= 0.044). Taken together, the results indicate that patients with FGFR1 and HER1/2 co-amplification may exhibit a less favorable prognosis compared with patients with either FGFR1, HER1/2 amplification or without amplification.
Introduction
Based on the 2014 World Health Organization report, breast cancer has the second highest incidence of mortality for females in China (1) . Breast cancer is a heterogeneous disease; numerous frequent gene copy number variations (CNVs) have been identified, including gene amplification of fibroblast growth factor receptor 1 (FGFR1) (2) , human epidermal growth factor receptor 1 (HER1), human epidermal growth factor 2 (HER2), GATA3, PIK3CA, MAP3K1, TBX3, RUNX1, CBFB, AFF2, PIK3R1, PTPN22, PTPRD, NF1, SF3B1 and CCND3 (3) . Preliminary data from the next-generation genome sequencing of primary breast cancer has confirmed that CNVs may occur in a large selection of genes (3) , and indicate that these variations may lead to different clinical consequences.
HER1 (also known as EGFR or ErbB1) and HER2 (also known as ErbB2) belong to the ErbB family of signaling proteins, which comprises four members: HER1, HER2, ErbB3 and ErbB4. ErbB receptors are often amplified, mutated and/or overexpressed in breast cancer (4, 5) . Between 15 and 20% of newly diagnosed invasive breast carcinomas overexpress HER2 or exhibit HER2 gene amplification (6) . The frequency of HER1 overexpression in breast cancer is variable, reportedly ranging from 7 to 43% (7) (8) (9) (10) (11) (12) (13) .
Activation of the ErbB family of receptor tyrosine kinases via their cognate epidermal growth factor-like peptide ligands constitutes a major event in the signaling pathways that control the proliferation, survival, angiogenesis and metastasis of breast cancer cells (14) . Therefore, ErbB family member receptors are attractive potential therapeutic targets in breast cancer. At present, numerous tyrosine kinase inhibitors that target ErbBs have been successfully developed and approved to treat cancer patients. Trastuzumab (also known as Herceptin), a humanized monoclonal antibody against the extracellular portion of the HER2 protein, is in widespread clinical use (15) . Notably, interactions between HER2 and other ErbB receptors, including HER1 and ErbB3, have been suggested as a possible mechanism for the resistance to trastuzumab. Once activated by the binding of its specific ligands, HER1 is the preferred heterodimerization partner for HER2; HER1/HER2 heterodimers are more stable than HER1 homodimers, and binding of HER1 with HER2 can potentiate and amplify the growth signals from HER1 activation (16) (17) (18) FGFR1 has also been investigated and may be amplified in 8-15% of all cases of breast cancer (19) (20) (21) . FGFR1 is a member of the FGFR family, which exhibit a highly conserved structure between members and throughout evolution. FGFRs are receptors for fibroblast growth factors; the interaction between fibroblast growth factors and FGFRs is associated with the regulation of cell proliferation, survival, migration and differentiation during development and adult life. The mutation and amplification of FGFRs causes the aberrant activation of downstream pathways, promoting cell cycle progression and mesenchymal transformation while inhibiting apoptosis. Amplification of the FGFR1 gene (at 8p11-12) is the most common alteration to FGFR1 (22) (23) (24) . FGFR1 amplification may also drive resistance to endocrine therapy (25) .
FGFR and EGFR signaling may mediate the downstream phosphoinositide-3-kinase/Akt serine/threonine kinase (PI3K/AKT) pathway. In this pathway, activated EGFR binds GRB2-associated binding protein 1 together with growth factor receptor-bound protein 2 to recruit PI3K (26) . In addition, FGFRs commonly mediate the PI3K/AKT pathway via FGFR substrate 2a and other adaptor molecules (27) . Major pathways downstream of activated EGFRs/FGFRs, besides PI3K/AKT, include extracellular signal-regulated kinase/mitogen-activated protein kinase 1 (ERK/MAPK) and protein kinase C/phospholipase C (PKC/PLC) pathways. All of these pathways serve an important role in cell proliferation, migration, differentiation and the inhibition of apoptosis.
In the present study, the gene amplification statuses of HER1, HER2 and FGFR1 were evaluated in 75 cases of invasive ductal breast cancer (IDC). Quantitative polymerase chain reaction (qPCR) and fluorescence in situ hybridization (FISH) were used to assess the gene CNV. A statistical analysis revealed an association between CNVs and the clinical prognosis.
Materials and methods
Patients and tissue samples. The records of the Department of Pathology of West China Hospital (Chengdu, China) were retrospectively examined and 119 records of IDC cases were initially included in the study (Fig. 1) . Of the 119 cases, 7 were excluded as there was no tissue specimen available and 18 were excluded due to incomplete information. Of the remaining 94 formalin-fixed paraffin-embedded (FFPE) IDC tissue samples, 75 were suitable for qPCR detection. The samples qualified for qPCR if IDC was >70% of the FFPE sample and if they were acquired prior to systemic treatment. Data regarding clinical characteristics were gathered while preserving patient anonymity. The expression status of ER and PR were obtained from clinical pathology reports. The tumors were regarded as estrogen or progesterone receptor-positive if ≥1% of tumor cells were stained positively, according to previously reported criteria (28) . The study was approved by the Ethics Committee of West China Hospital (no. 2013-191) and written informed consent was obtained from all patients.
DNA isolation and qPCR. The tumor areas of each IDC sample were identified on slides stained with hematoxylin and eosin, and matched with corresponding FFPE tumor tissues. DNA was extracted from 4-µm-thick FFPE tissue sections using the QIAamp DNA FFPE Tissue Kit (Qiagen GmbH, Hilden, Germany). DNA was quantified with the Nanodrop2000 (Thermo Fisher Scientific, Inc., Wilmington, DE, USA) and samples with A260/280 absorbance ratios <1.70, or ≥1.95, were excluded. qPCR was performed with the Bio-Rad CFX96 system with SsoFast Evagreen Supermix (both Bio-Rad, Hercules, CA, USA) and quantified using the 2 -ΔΔCq method (29) . A total of 100 ng DNA was used per reaction and each reaction was performed at 98˚C for 2 min, 98˚C for 5 sec and 60˚C for 10 sec, for 40 cycles. Primer sequences are included in Table I . Transferrin receptor and GAPDH were used as reference genes. Additionally, 50 normal samples were used as a control group, which were also obtained from Department of Pathology of West China Hospital and reported to possess no tumor cells in the initial pathologist reports. The relative amplification levels of FGFR1, HER1 and HER2 were normalized to the mean of the reference genes in order to calculate the relative CNV, compared with the control samples, using the 2 -ΔΔCq method. A gene was considered to be amplified where the fold-change compared to the control group was ≥2.
FISH assays. FISH was performed on the tumor tissue samples with the following commercially available locus-specific and chromosome enumeration probes: HER1 (EGFR Spectrum Orange) with centromere 7 (CEP 7 Spectrum Green); HER2 (EGFR Spectrum Orange) with centromere 17 (CEP 17 Spectrum Green; all from LBP Medicine Science & Technology, Co., Ltd., Guangzhou, China); and FGFR1 (Orange) with centromere 8 (CEP 8 Spectrum Green; Empire Genomics, Buffalo, NY, USA). De-paraffinized 4-mm tumor sections were heated in antigen retrieval solution (sodium citrate, pH 6.0) in the microwave for 16 min, then in pepsin solution (LBP Medicine Science & Technology, Co., Ltd.) for 20 min at 43˚C. The slides were dehydrated with 70, 85 and 100% ethanol. The tissue sections with probes for EGFR/CEP 7 or HER2/CEP 17 were denatured in a ThermoBrite hybridization chamber (IRIS International, Inc., Norwood, MA, USA) at 85˚C for 5 min, followed by 20 h hybridization at 43˚C. The tissue sections with probes for FGFR1/CEP 8 were denatured at 85˚C for 5 min, followed by 20 h hybridization at 40˚C. Following hybridization, washes were performed according to the supplier protocols. Slides were counterstained with 0.2 µmol/l 4',6-diamidino-2-phenylindole in an anti-fade solution, and viewed with a fluorescence microscope. From each slide, a total of 60 tumor cells were evaluated; the gene and centromere copy number, and average predominant gene as defined by the mean ratio of the gene copy number vs. centromere copy number of each slide were estimated. A oncogene-to-centromere signal ratio ≥2 was considered to indicate amplification (30, 31 Baseline clinical characteristics. A total of 75 patients with primary IDC were included (Table II) . The median age at diagnosis of IDC was 48.4 years (range, 29-72 years). Patients were grouped according to the amplification status of FGFR1 or HER1/2. The amplification of HER1/2 was significantly associated with estrogen receptor (P=0.007) and HER2 (P<0.001) expression status. The frequency of local recurrence (P=0.026) and distant metastasis (P= 0.035) were significantly higher in the subgroup with FGFR1 and HER1/2 co-amplification. A total of 5 patients developed a distant metastasis, of which 1 patient had metastasis at the time of diagnosis, and 2 patients had distant metastases and local recurrence simultaneously. There were 5 cases that resulted in mortality in the entire group; 2 were directly associated with breast cancer, whereas the other cases were uncertain.
The mean disease-free survival time was 25.7 months (range, 0-41 months; Table III); the mean overall survival time was 26.4 months (range, 12-41 months). Tumor size was correlated with disease-free survival time (P= 0.006). Nodal status was significantly associated with disease-free (P=0.021) and overall (P=0.009) survival times. Additionally, the clinical stage of the cancer was significantly associated with overall survival time (P=0.042).
Prognostic significance of FGFR1 and HER1/2 co-amplification. FGFR1 and HER1/2 co-amplification was significantly associated with local recurrence and distant metastasis, as mentioned previously (Table II) . To further investigate the association between FGFR1 and HER1/2 co-amplification and prognosis, FGFR1 and HER1/2 co-amplification status was assessed with a Kaplan-Meier analysis (Fig. 3) . Based on this analysis, FGFR1 and HER1/2 co-amplification was significantly associated with reduced disease-free survival time (P= 0.042; Fig. 3A ). This was true for patients receiving chemotherapy (P= 0.044) or endocrine therapy (P= 0.002; Table IV ). However, FGFR1 amplification (Fig. 3B ) and HER1/2 amplification (Fig. 3C) individually exhibited no significant correlation with disease-free (P=0.375 and P=0.057, respectively) or overall (P= 0.334 and P= 0.167, respectively) survival time (Table III) .
Discussion
The present retrospective study aimed to investigate the association between the CNV of FGFR1, HER1 and HER2, and the prognosis of patients with IDC. In the present study, FGFR1 was amplified in 15.6% of samples, and the amplification rates of HER1 and HER2 were 26.7 and 37.3%, respectively. In other studies, the amplification rates of FGFR1, HER1 and HER2 have been reported as ~10, ~15 and ~20%, respectively (6, 32, 33) . These differences may be due to differences in the methods for detection, classification standards for amplification, or sample sizes between the studies.
In the present study, the group of patients with co-amplification of FGFR1 and HER1/2 was significantly more likely to experience recurrence and distant metastasis. Co-amplification also influenced disease-free survival time, with the co-amplification experiencing less favorable outcomes. No association between prognosis and amplification of FGFR1 or HER1/2 alone was identified. The data of the present study contrasted from previous indications that the amplification of FGFR1 is associated with poor survival time (20) , as FGFR1 amplification did not affect disease-free or overall survival time in the current study. The difference may be due to the constitution of the sample; different types of breast cancer or a different number of patients may have caused the drift. The amplification of FGFR1 was, however, associated with menopausal status; the majority of patients with FGFR1 amplification were menopausal, in contrast to the patients without FGFR1 amplification. HER1/2 amplification status was associated with the ER and HER2 protein expression statuses. This result was consistent with the view that HER2 amplification is highly associated with its protein overexpression (6) . In addition, the response to therapy in the FGFR1 and HER1/2 co-amplification group was investigated. The data included patients who underwent chemotherapy and endocrine therapy. The 6 patients who harbored FGFR1 and HER1/2 co-amplification had poor outcomes following chemotherapy or endocrine therapy. Insensitivity to therapy may have caused the group of patients to have unfavorable outcomes. Accordingly, further study is required to investigate whether, Table II . Continued. ------------------------------------------------------------- Table III . Analysis of clinicopathological characteristics with disease-free and overall survival.
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Overall survival Table IV . Association between treatment response and FGFR1 and HER1/HER2 co-amplification. and how, FGFR1 and HER1/2 co-amplification can influence tumor resistance to drug therapy. The amplification of HER1 is not as common in breast cancer as HER2 amplification, and the effect of HER1 amplification on patients with breast cancer remains unclear (34, 35) . By contrast, HER2 is already a therapeutic target, and the effect of HER2 amplification for patients with breast cancer has been confirmed (14, 36) . Previously the amplification of FGFR1 has been regarded as an independent prognostic factor and a potential therapeutic target in breast cancer, and it may be associated with resistance in endocrine therapy (25) . FGFR1 amplification is rarely exhibited in HER2-amplified tumors (25) ; the genes are mutually exclusive methods for activating similar downstream pathways, including PI3K/AKT, ERK/MAPK and PKC/PLC (29) . Further investigation is required to study how the co-activation of FGFR and HER1/2 could affect downstream pathways.
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In conclusion, the expression levels of FGFR1, HER1, HER2 were detected using qPCR and FISH. A specific group of patients with co-amplification of FGFR1 and HER1/2 was identified to be associated with worse prognosis, and correlated with resistance to endocrine therapy and chemotherapy. This finding suggests that the gene statuses of FGFR1, HER1 and HER2 can be predictive of clinical outcome, and that different therapeutic strategies should be implemented for these patients in order to improve the prognosis.
